ABSTRACT: Lithium metal has re-emerged as an exciting anode for high energy lithium-ion batteries due to its high specific capacity of 3860 mAh g −1 and lowest electrochemical potential of all known materials. However, lithium has been plagued by the issues of dendrite formation, high chemical reactivity with electrolyte, and infinite relative volume expansion during plating and stripping, which present safety hazards and low cycling efficiency in batteries with lithium metal electrodes. There have been a lot of recent studies on Li metal although little work has focused on the initial nucleation and growth behavior of Li metal, neglecting a critical fundamental scientific foundation of Li plating. Here, we study experimentally the morphology of lithium in the early stages of nucleation and growth on planar copper electrodes in liquid organic electrolyte. We elucidate the dependence of lithium nuclei size, shape, and areal density on current rate, consistent with classical nucleation and growth theory. We found that the nuclei size is proportional to the inverse of overpotential and the number density of nuclei is proportional to the cubic power of overpotential. Based on this understanding, we propose a strategy to increase the uniformity of electrodeposited lithium on the electrode surface. KEYWORDS: Lithium metal anode, electrodeposition, nucleation and growth, anode-less, anode-free, copper S ignificant research interest has been devoted to the development of lithium metal as a negative electrode for rechargeable batteries since the 1970s.
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1,2 Lithium (Li), with its high theoretical specific capacity (3860 mA h g −1 ) and lowest electrochemical potential (−3.04 V vs SHE), has since been recognized as an attractive negative electrode material for high energy batteries. 2−5 However, the industrial deployment of Li metal batteries has been impeded by the critical problems of battery safety and poor cycling lifetime and efficiency, all which stem from fundamental issues with the Li plating and stripping process. The intrinsic reactivity of Li metal with electrolyte at low potentials causes their rapid consumption and promotes irreversible solid−electrolyte interphase (SEI) formation. Furthermore, mechanical instability of the SEI due to large electrode volumetric changes from repeated Li deposition and stripping generates nonuniformities at the Li-SEI surface in the form of Li dendrites and filaments, excessively thick SEI layers, or disconnected Li, all of which ultimately give rise to safety hazards and low Coulombic efficiency. 6−12 To address these issues, there has been significant recent progress in nanoscale interfacial materials design, 13−17 engineering of stable hosts for Li metal deposition, 18−23 searching for new liquid electrolytes and additives, 24−29 solid electrolyte development, 30−32 and new tools for studying Li metal plating. 33−37 In many studies, the bulk morphology of the Li metal electrode is often employed as qualitative metric; lack of mossy and filamentary Li after deposition are commonly shown as evidence of improvement of the Li plating process. However, it is also of equal importance to understand the immediate and intermediate states of Li metal electrodes as deposition occurs.
The final bulk morphology of the Li metal after plating does not give a complete picture of its development during growth. By studying the morphology and distribution of Li nuclei and developing a more fundamental understanding of the initial stages of nucleation and growth, a more comprehensive picture of the Li deposition process can be obtained, which may lead to the development of new strategies for enabling lithium metal batteries.
Here, we approached the problems of Li deposition by first understanding the essential principles underlying Li nucleation and correlating them with experimental results. This study provides further fundamental understanding of lithium nucleation and growth directly relevant to the anodeless lithium metal electrode platform 12, 38 and other lithium−metal based electrodes and expands upon previous qualitative studies of Li nucleation using ionic liquid and solid electrolytes. 39, 40 The empirical data on Li particle size, density, and growth behavior presented here can also provide insight for the design and fabrication of nanostructured electrodes and host-type structures for next-generation Li metal anodes. Using classical nucleation theory as a starting point, it is well-known that the nucleation of a new solid phase has an associated free energy barrier related to the thermodynamic costs of forming a critical cluster of atoms. 41 For electrodeposition, this nucleation barrier can effectively be adjusted by changing the electrochemical supersaturation at the working electrode through tuning the overpotential of the reduction reaction ( Figure 1a) . Traditionally, the driving force for the electrocrystallization process can be divided into the reaction overpotential, charge transfer overpotential, diffusion overpotential, and crystallization overpotential. 41, 42 However, as it is difficult to deconvolute each source of electrode polarization, we will refer to two important characteristic overpotentials observed during galvanostatic Li electrodeposition: (1) the nucleation overpotential (η n ), which is the magnitude of the voltage spike at the onset of Li deposition, and (2) the plateau overpotential (η p ) present after nucleation occurs and Li growth continues (Figure 1b) . Specifically, due to the process of galvanostatic Li electrocrystallization occurring at variable supersaturation (overpotential varying over time), 43 η n and η p are chosen for their ease of extractability from experimental data and relevance as important parameters describing nucleation and growth. At the start of the galvanostatic Li deposition process, the potential of the working electrode drops below 0 V vs Li/Li + to −η n at which the electrochemical overpotential is sufficient to drive the nucleation of Li embryos. After initial nucleation occurs, the overpotential rises to −η p , which is still negative vs Li/Li + , and Li nuclei growth proceeds since electrode polarization is lower for Li growth as compared to that for the nucleation step. This is because the addition of a Li adatom to an existing Li nuclei is more favorable and has a lower energy barrier than forming a stable cluster (embryo) of Li atoms. 40 From Figure 1b , a parallel can be readily drawn between the voltage profiles of galvanostatic electrodeposition and double-pulse potentiostatic electrodeposition techniques to support the delineation between nucleation and growth regions; a high fixed polarization nucleation pulse of potential η n is applied to the working electrode to spontaneously generate nuclei seeds followed by a subsequent extended low polarization pulse of potential η p to grow the existing nuclei. 44 Classical equations for homogeneous nucleation can briefly be used to understand the dependence of the sizes of electrodeposited Li nuclei on the electrodeposition overpotential and applied current density. 41, 45, 46 The Gibbs energy (ΔG nucleation ) for forming a spherical nuclei of radius r is the sum of its bulk free energy and surface free energy:
where ΔG V is the free energy change per volume and ϒ is the surface energy of the Li-electrolyte interface. The deposition overpotential, η, is related to ΔG V by
where F is Faraday's constant and V m is the molar volume of Li. The critical radius is thus as follows:
For heterogeneous nucleation, such as for Li deposited on an electrode surface, the energy barrier for forming a critical nucleus is decreased, but the expression for the critical nuclei size remains the same as in eq 3. 39, 47 Immediately, the inverse relationship between nuclei size and electrochemical overpotential is apparent, and the cubic relationship between areal nuclei density and overpotential follows for spherical nuclei . Similarly, the plateau overpotential (η p ) increases from 25 mV at 0.1 mA cm −2 to 137 mV at 5 mA cm −2 . Note that η p is smaller than η n , supporting that it is more favorable for Li to deposit on existing nuclei than for new embryos to form. Thus, at low current densities, Li domains are expected to be relatively large and sparsely dispersed, whereas smaller, more densely distributed Li nuclei are expected to grow at higher current densities (Figure 1e ). It should be noted that extra amounts of charge are required to complete the nucleation step at lower current densities (e.g., 0.1 mA cm −2 ) due to the simultaneous formation of SEI and deposition of Li. Supporting Figure S1 shows that the amount of charge capacity required to reach the nucleation overpotential spike increases drastically with lower current rates.
To investigate the size evolution of Li nuclei during electrodeposition, Cu electrodes were observed after fixed amounts of Li (0.025−0.3 mA h cm −2 , equivalent to 125 nm to 1.5 μm of Li metal film) was galvanostatically deposited at various current densities (0.1−5 mA cm −2 ). Here, 1,3-dioxolane/1,2-dimethoxyethane (DOL/DME, 1:1 v/v) with 1 M lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) with 1 wt % LiNO 3 as an additive was used as the electrolyte for these studies due to the well-defined, nearly circular morphology typical of Li grown in this electrolyte. This DOL/DME etherbased electrolyte is common for sulfur/Li metal batteries, and LiNO 3 is frequently used as a shuttle-effect inhibitor and helps to improve the passivation and surface chemistry of the Li metal surface. 26,48−50 Compared to Li deposited in carbonatebased electrolytes which are typically filamentary or wire-like and difficult to characterize (Supporting Figure S2) , the Li nuclei grown here are uniform and smooth, and whisker-like or dendritic growth is avoided. Individual Li particles sampled from randomly selected locations near the center of the electrode were measured for each combination of deposition capacity and current density. The electrode edges experience an inhomogeneity effect from cell construction 26 and are not used in these sampling studies. Figure 2 shows ex situ SEM images of the typical morphology of Li metal growths deposited in etherbased electrolyte at various current densities ranging from 0.025 to 10 mA cm −2 with a total charge of 0.1 mAh cm
. This low areal capacity is equivalent to a thin Li metal film of ∼500 nm and allows us to see the initial stages of deposition. Extra ex situ SEM images of all current density and capacity conditions used in statistical analysis are available in Supporting Figure S3 . At low current densities of 0.025 and 0.050 mA cm −2 ( Figure  2a,b) , Li growths are large and sparsely distributed on the Cu electrode surface. The particles are observed to form island-like morphologies, and many particles are noncircular in shape, possibly due to fusing of multiple nuclei at these low growth rates. The nonuniformity of these particles makes it difficult to measure their size and number, so the lower current densities are not represented in the following statistical data. As we increase the current density from 0.1 to 10 mA cm −2 (Figure 2c−j) for a fixed amount of Li, the deposited Li nuclei decrease in size and become more closely packed, as expected. The dimpled shape of the particles likely arises due to the brief exposure to ambient atmosphere during sample transfer to the SEM chamber. For current densities above 1 mA cm −2 , the Li nuclei are in contact and closely packed together, and the underlying bare Cu substrate is nearly unable to be seen. Figure 3a indicates that the Li particle sizes clearly decrease with increased current density and increased overpotential. A linear relationship appears when particle size is plotted versus inverse overpotential, as expected from eq 3 (Figure 3b) . Furthermore, within each current density stratum, the Li particle size increases as the amount of Li deposited is increased. This effect is most pronounced with low current Nano Lett. XXXX, XXX, XXX−XXX density deposition due to the relatively low particle density which causes individual particles to grow significantly with increasing Li capacity. Figure 3c ,d and Supporting Figure S4 are color-coded in parallel with the plot in Figure 3a ; each set of histograms corresponds to a different amount of Li deposited (areal capacity in mA h cm
). These histograms more clearly elucidate the distributions of Li particle sizes deposited at different current densities for Li capacities of 0.025 mA h cm −2 (red), 0.05 mA h cm −2 (orange), 0.1 mA h cm −2 (green), 0.2 mA h cm −2 (blue), and 0.3 mA h cm −2 (purple). Interestingly, the sizes of the particles are approximately Gaussian distributed, whereas the log-normal distribution is expected from particles undergoing classical Kolmogorov−Avrami−Mehl−Johnson (KAMJ) random nucleation and growth processes. 51 The KAMJ model assumes progressive nucleation of particles throughout the entire deposition process and nuclei size independent growth rates. 52 The expected log-normal size distribution arises from small recently nucleated particles making up a large fraction of the population, while the fewer earliest nucleated particles grow much larger, skewing the distribution to the right. However, here for Li metal, an initial fixed population of instantaneously nucleated critical nuclei would be expected to grow at equivalent rates and all have the same size. Fluctuations within the system, such as the development of diffusion-limited zones around clustered nuclei, cause slight polydispersity in particle sizes, 53 generating the Gaussian distribution observed in this study. The effects of interparticle diffusion coupling, the most important mechanism governing broadening of particle size distributions, 53 can significantly affect the sizes of densely distributed Li particles which have many neighbors clustered nearby. 54 Furthermore, the clear distinction between the nucleation overpotential and the growth overpotential as seen in Figure 1d suggests that the Li nucleation event is instantaneous instead of progressive. Broader size distributions are expected at lower current densities and lower overpotentials, while the sizes of particles grown at high current densities should have a tighter spread. 44 Here, the sizes of Li particles deposited for 0.025 mA h cm −2 at 0.1 mA cm −2 have a higher relative standard deviation (RSD) of 20.4% compared to an R.SD of 15.7% for deposition at 5 mA , the RSDs for the sizes of particles grown at all current densities remain below 21%, indicating that the growth process proceeds relatively uniformly.
To further understand the progression of Li deposition, the areal number density of Li particles on the Cu foil was measured at various amounts of deposition and plotted in Figure 4a . Random areas near the center of each electrode were selected, and the number of particles visible was counted from ex situ SEM images to find the particle density on the electrode surface. At 0.025 mA h cm −2 , the earliest stage of deposition measured, the density of nuclei is slightly greater than densities observed at higher deposition amounts. After further growth, the nuclear density decreases and then plateaus from 0.1 to 0.3 mA h cm −2 . For potentiostatic deposition experiments, the nuclei density would be expected to increase over time due to the application of a fixed overpotential which generates a constant nucleation rate. 52, 55 However, for this case of galvanostatic Li deposition, there seems to be an instantaneous nucleation event followed by continuous growth of the nuclei as previously discussed, resulting in a relatively static nuclei density. For all current densities studied, the nuclei density is initially high due to the high driving force (overpotential) for nucleation but subsequently drops and plateaus. This decrease in overpotential increases the minimum size of nuclei that can exist, and so any Li embryos that are not larger than the critical size cannot survive. Additionally, due to the small size of the Li nuclei and freshly formed SEI passivation at these low capacities, it is possible that nuclei in close proximity can fuse together upon further Li deposition, resulting in a decreased nuclei density. The nuclei density after deposition of 0.3 mA h cm −2 of Li at the tested current densities was found to be proportional to the cube of nucleation overpotential, as expected (Supporting Figure S5 ). At low current densities, the initial nuclei are sparsely spread out on the working electrode surface and eventually expand to form a more densely packed arrangement as more charge is passed, forming an island-like morphology (Supporting Figure  S6) . In these cases, although the areal coverage of the Li growths increases over time, the actual particle density is relatively constant over a large range of deposition, indicating that the initial Li nuclei greatly expand and no new nucleation events occur. Interestingly, for high current density (5 mA cm −2 ), the morphology of the deposit is quite different from that of lower current density deposition. After 0.1−0.3 mA h cm −2 of Li deposition at 5 mA cm −2 , the Li particles in some areas are seen to overlap and stack in a vertical direction, forming a multilayered particle structure (Figure 4b−d) . This particle stacking-induced decrease in apparent nuclei density at high currents (i.e., 5 mA cm
) explains the deviation from the cubic dependence of nuclei density on overpotential followed by particles deposited at lower current rates (Supporting Figure  S5) . Intuitively, growing a multilayered structure requires new nuclei to be formed on top of existing Li growths during the deposition process. Note that the voltage profile for Li deposition at 5 mA cm −2 does not show an immediate drop in overpotential after nucleation to a flat growth plateau as do those for lower current densities ( Figure 1d) ; instead, the overpotential remains relatively high and gradually decreases. With the high overpotential during the growth region at 5 mA cm −2 , the formation of new nuclei on top of the existing Li surface seems to have occurred, causing the observed stackedparticle structure. This could be due to a relatively lower overpotential requirement for Li nucleation on a Li surface Nano Lett. XXXX, XXX, XXX−XXX compared to nucleation on Cu. Some multilayer Li particle regions were observed at 1 mA cm
, but the overall electrode morphology consisted mainly of a single layer of particles. This suggests that at higher overpotentials, due to the decreased nucleation Gibbs free energy, the increased nucleation frequency per active site causes additional nucleation events to occur due to the greatly increased driving force. 42 Due to the high nuclei density and nearly complete coverage of the Cu working electrode, additional Li nuclei are formed on top of pre-existing Li particles, creating three-dimensional stacked growths. Although the total number of nuclei increased volumetrically, the areal nuclei density at high current rates remained constant with increased Li deposition, since some nuclei underneath the top layer of the 3D nuclei structure were not visible from above.
Knowing that dense arrays of Li particles can be instantaneously nucleated at high current rates, we tested the effects of a highly dense Li embryo-covered working electrode on the morphology of further deposited Li. Figure 5a shows Li particles on Cu foil after deposition of 0.1 mA h cm −2 of Li at a low current rate of 0.05 mA cm . The particles are sparsely distributed on the surface, and bare Cu is visible underneath the Li. To try to improve the Li particle density and uniformity on the whole electrode, a layer of Li nuclei was generated on the Cu foil at the beginning of the experiment by depositing 0.02 mA h cm −2 of Li at a high current of 10 mA cm −2 . This generated an initial seed layer upon which 0.1 mA h cm −2 of Li at 0.05 mA cm −2 was further deposited for comparison with Li deposited without the seed layer. Figure 5b shows a significant increase in the density and coverage of the electrode area by Li particles on the electrode with the Li seeds. With the seed layer, the areal particle density increases from 0.019 particles μm −2 to 0.051 particles μm −2 , while the average particle size decreases from 4.55 to 3.49 μm. The high polarization from the high current pulse generates significantly more nuclei than naturally occurs galvanostatically at 0.05 mA cm
, providing more discrete predefined locations at which Li can grow. However, the higher magnification image of the preseeded electrode after Li deposition in Figure 5c indicates that, even though the Cu surface is densely covered by Li nuclei, many of the initial nuclei do not grow into larger particles after 0.1 mA h cm −2 of deposition. Upon increasing the deposition amount to 0.3 mA h cm −2 in Figure 5d , the Li particles are approximately the same size, but the particle density has significantly increased, indicating that additional seed nuclei have grown larger after additional deposition. Smaller Li particles are seen growing in clusters near larger particles, and the seed nuclei on the Cu surface have become visibly larger.
Inspection of the voltage profile of the deposition process reveals that there is no voltage spike present upon decreasing the current from 10 mA cm −2 to initiate growth, indicating that no new nucleation events occur (Supporting Figure S7) . Thus, during low current deposition, the growth proceeds by selective enlargement of individual pre-existing nuclei seeds. The sparse morphology of large Li particles could be due to the presence of diffusion zones that form around growing particles, depleting Li + around them and preventing growth of immediate surrounding nuclei. 41 Further investigation is required to understand the nature of Li growth from a seeded layer.
These results suggest an interesting technique to generate more uniform Li metal morphologies during the galvanostatic cycling of Li metal batteries by utilizing an initial nuclei seed layer for Li deposition. Dendritic and mossy Li growths are intrinsically localized nonuniformities that arise during Li metal deposition. Thus, improving the areal density of Li metal deposits on the working electrode during intermediate steps of 
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Letter DOI: 10.1021/acs.nanolett.6b04755 Nano Lett. XXXX, XXX, XXX−XXX deposition can be expected to reduce the heterogeneity of the Li metal surface. For anodeless batteries featuring a lithiumcontaining cathode and bare Cu anode, it may prove beneficial to initialize the anode with a short Li seeding process. However, nuclei seeds and smaller Li morphologies can cause increased electrolyte consumption and SEI formation due to the increased surface area. Ultimately, preserving a more uniform and stable Li surface will better maintain the integrity of the native SEI and any engineered protective structures or coatings, all while enhancing electrode performance and safety. In summary, the nucleation of Li metal on Cu substrates for Li metal battery electrodes was studied via ex situ SEM. We demonstrate the dependence of lithium nuclei size, shape, and areal density on current rate, consistent with trends from classical nucleation and growth theory. We found that the Li nuclei size is proportional to the inverse of overpotential and the number density of nuclei is proportional to the cubic power of overpotential. Based upon this understanding, the instantaneous nucleation of Li during galvanostatic electrodeposition was utilized in a strategy to improve the uniformity and particle density of deposited Li metal. These results are relevant to promising anodeless batteries utilizing bare Cu current collectors or low-capacity Li foils as negative electrodes. Additional studies on the nucleation and growth of Li metal in different electrolytes and on other relevant materials such as Li metal itself are paramount to understanding the initial behavior of Li metal deposition. Finally, future potentiostatic experiments which hold the overpotential of Li deposition constant will be critical for determining and extracting fundamental values relevant to the Li nucleation mechanism. These studies can guide the design of nanostructured Li metal electrodes and provide further much-needed insight toward fundamental aspects of high energy density, high performance Li metal batteries.
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